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ABSTRACT While genotype–environment interaction is increasingly receiving attention by ecologists and evo-
lutionary biologists, such studies need genetically homogeneous replicates—a challenging hurdle in outcrossing
plants. This could be potentially overcome by using tissue culture techniques. However, plants regenerated from
tissue culture may show aberrant phenotypes and “somaclonal” variation. Here, we examined somaclonal variation
due to tissue culturing using the response to cold treatment of photosynthetic efﬁciency (chlorophyll ﬂuorescence
measurements for Fv/Fm, Fv9/Fm9, andFPSII, representing maximum efﬁciency of photosynthesis for dark- and light-
adapted leaves, and the actual electron transport operating efﬁciency, respectively, which are reliable indicators of
photoinhibition and damage to the photosynthetic electron transport system). We compared this to variation
among half-sibling seedlings from three different families of Arabidopsis lyrata ssp. petraea. Somaclonal variation
was limited, and we could detect within-family variation in change in chlorophyll ﬂuorescence due to cold shock
successfully with the help of tissue-culture derived replicates. Icelandic and Norwegian families exhibited higher
chlorophyll ﬂuorescence, suggesting higher performance after cold shock, than a Swedish family. Although the
main effect of tissue culture on Fv/Fm, Fv9/Fm9, and FPSII was small, there were signiﬁcant interactions between
tissue culture and family, suggesting that the effect of tissue culture is genotype-speciﬁc. Tissue-cultured plantlets
were less affected by cold treatment than seedlings, but to a different extent in each family. These interactive effects,
however, were comparable to, or much smaller than the single effect of family. These results suggest that tissue
culture is a useful method for obtaining genetically homogenous replicates for studying genotype–environment
interaction related to adaptively-relevant phenotypes, such as cold response, in nonmodel outcrossing plants.
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Genotype–environment interaction effects on a phenotype, or variation
in reaction norms, may modulate natural selection (Wright 1931;
Sultan 1987). The genetic basis of genotype–environment interaction
is increasingly receiving attention (El-Soda et al. 2014; Yap et al. 2011);
however, such advances have been concentrated in inbreeding organ-
isms such asArabidopsis thaliana (e.g., Bloomer et al. 2014; Sasaki et al.
2015; Stratton 1998; El-Soda et al. 2014) and Caenorhabditis elegans
(Gutteling et al. 2007), because genetically isogenic individuals derived
by repeated inbreeding permit a given genotype to be exactly repeated
in multiple environments. Recently, the wild relatives of model organ-
isms have increasingly been exploited by evolutionary biologists to
understand adaptation and speciation (Mitchell-Olds 2001; Clauss
and Koch 2006). However, one disadvantage of nonmodel plants with
outcrossing mating systems is that they cannot usually be exploited to
produce the genetically homogeneous or inbred recombinant lines that
enable researchers to study the reaction norms of single genotypes in
multiple environments (Dorn et al. 2000)or to map novel QTL in pre-
viously genotyped lines (Alonso-Blanco et al. 2005). This disadvantage
could be compensated for by using cutting techniques to produce mul-
tiple clones from single genotypes (Sultan and Bazzaz 1993; Waitt and
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Levin 1993;Wu 1998). This method is applicable only to plants capable
of vegetative propagation, and it also needs relatively large plant bodies
to produce many replicate clones. Another technique applicable to a
wider range of plants with relatively small starting plant material is
tissue culture (George and Sherrington 1984). However, tissue cul-
ture has been exploited only rarely for studies on the genetic basis of
genotype–environment interaction, and the few existing studies (Glock
and Gregorius 1986; Glock 1989) focused only on callus characteristics
as target phenotypes. One potential issue that should be considered
carefully is that tissue-culture derived microshoots can express pheno-
typic, “somaclonal” variation (Larkin and Scowcroft 1981), or may
sometimes show aberrant morphology and physiology in vitro (Joyce
et al. 2003). This somaclonal variation resembles that induced by phys-
ical mutagens, with elevated levels of chromosome breakage and re-
arrangement, polyploidy, aneuploidy, transposon activation, and point
mutation (D’Amato and Bayliss 1985). Therefore, with a view to ex-
ploiting the techniques of tissue culturing more widely in studies of
genotype–environment interaction in outcrossing plants, it is necessary
to extend our knowledge on how propagation by tissue culture gener-
ates variation in phenotypes that are relevant to adaptation in natural
environments, compared to other sources of genetically related repli-
cates such as outbred siblings.
Key plant properties that have attractedmarked attention in the ﬁeld
of adaptation to various environments are stress tolerances (e.g.,
Quesada et al. 2002; Kwon et al. 2007; Zhang et al. 2004; Zhen and
Ungerer 2008; Steponkus et al. 1998; Hong and Vierling 2000; Lexer
et al. 2003). One trait that can be used to indicate tolerance against
various physical stressors in plants is photosynthetic performance.
Photosystem II (PSII) activity is sensitive to both biotic and abiotic
factors (Murchie and Lawson 2013). Chlorophyll ﬂuorescence can be
used to determine the maximum efﬁciency with which light absorbed
by pigments of photosystem II (PSII) is used to drive photochemistry in
dark- (Fv/Fm) or light- (Fv9/Fm9) adapted material and the operating
efﬁciency of PSII (FPSII). It is a reliable indicator of photoinhibition and
damage to the photosynthetic electron transport system (Quick and
Stitt 1989; Maxwell and Johnson 2000). Changes in chlorophyll ﬂuo-
rescence have been used in Arabidopsis thaliana to quantify tolerance
to cold and freezing temperatures. Ehlert and Hincha (2008) showed
that chlorophyll ﬂuorescence imaging detected difference in freezing
tolerance between two A. thaliana lineages, both before and after cold
acclimation. Mishra et al. (2014) applied chlorophyll ﬂuorescence im-
aging for nine A. thaliana lineages under cold and freezing tempera-
ture, and suggested that freezing tolerance of lineages could be screened
by chlorophyll ﬂuorescence under cold (4) conditionwithout exposing
plants to subzero temperature. Chlorophyll ﬂuorescence has also been
used to study tolerance to drought (Woo et al. 2008; McAusland et al.
2013; Bresson et al. 2015), and salt and heavy-metal stress (Yuan et al.
2013), in A. thaliana, as well as in various other plants for tolerance or
response to cold and freezing temperatures (Baldi et al. 2011; Medeiros
et al. 2012; Xie et al. 2015; Khanal et al. 2015; Heo et al. 2014), drought
(Jansen et al. 2009), and salt (Yuan et al. 2013). If variation in chloro-
phyll ﬂuorescence can be properly estimated using tissue-culture
derived clones, therefore, this method would enhance studies in
genotype–environment interaction for stress tolerance in outcrossing
plants.
To this end, we have studied change in chlorophyll ﬂuorescence
following cold shock in a wild relative of a model plant species.A. lyrata
ssp. petraea is a close relative of the model species A. thaliana, but with
a different ecology, life history and population genetics (Charlesworth
et al. 2003; Davey et al. 2008, 2009; Kuittinen et al. 2008; Kunin et al.
2009). While A. thaliana is mainly selﬁng, with a low level of genetic
diversity within a population, A. lyrata ssp. petraea is outcrossing, with
a high level of genetic diversity even within a population (Clauss and
Mitchell-Olds 2006; Kunin et al. 2009; Heidel et al. 2006; Schierup et al.
2008). Further studies on genetic and phenotypic variation in spatially
distinct individuals and in closely related plants will clarify whether or
not locally advantageous alleles are ﬁxed, and if local populations are in
evolutionary equilibrium, and are thus important in our understanding
of the evolutionary responses to environmental change. Distinguishing
phenotypic variation among closely related individuals from measure-
ment errors is difﬁcult; however, this becomes possible if we can quan-
tify the error within the same genotype using tissue-cultured clones.
In this study, we measured the chlorophyll ﬂuorescence parameters
Fv/Fm, Fv9/Fm9, and FPSII before and after cold shock, as an index of
cold response, for seedlings from three families from geographically
isolated populations of A. lyrata ssp. petraea, and tissue-cultured plant-
lets derived from several genotypes (seeds) in each of those families
(Table 1). In order to evaluate the usefulness of tissue culture for
obtaining genetically homogenous replicates and to assess how much
adaptively relevant variation exists within the species, we tested
whether (i) among-genotype phenotypic variation could be detected
with the help of replication of tissue cultured plantlets; (ii) somaclonal
variation would remain in the range of other components of variation,
such as within-family variation of seedlings; (iii) phenotypic varia-
tion in putatively adaptive traits would exist between families;
and (iv) tissue-culturing affected these measurements of chlorophyll
ﬂuorescence.
MATERIALS AND METHODS
Plants
Seeds of A. l. petraea were collected from geographically separated
populations in Ardal (Norway) (6119925$N, 750900$E, alt. 63 m),
Notsand (Sweden) (6236931$N, 1803937$E, alt. 3 m), and Sandfell
(Iceland) (6404914$N, 2141906$E, alt. 123 m). No speciﬁc permits
were required for the seed collection for this study because these loca-
tions were not privately owned or protected in anyway, and because the
species was not protected in these countries. The species is a perennial
herb, maintaining leaves throughout the year. We used a family of
seeds that were at least half-siblings, from one mother plant in each
population. We grew 28–40 seedlings per family, and, in each case,
derived 44–69 tissue-cultured plantlets from two to three seeds (one
genotype = cloned plantlets from one seed) of each family.
Tissue culture
Seeds were sterilized in 10% commercial bleach for 20 min, washed in
sterile water and stored at 4 overnight. The seeds were then placed
onto 50% strength Murashige and Skoog (MS) medium (Melford Lab-
oratories Ltd, Ipswich, UK), pH 5.7, supplemented with 1% sucrose,
5 mg/l silver thiosulfate, and solidiﬁed with 1% plant agar (Melford
Laboratories). The agar plates were held vertically, allowing for maxi-
mum recovery of root tissue. After 4 wk, the root systems were excised
and placed intact onto Callus Induction Medium (CIM) (Clarke et al.
1992) solidiﬁed with 0.55% plant agar. Plates were incubated at 23 for
3 d, then the roots were cut into 5 mm lengths and placed in bundles
on fresh CIM plates that were further incubated at 20 for 2–3 d. The
root sections from each plant were resuspended in 10 mlmolten Shoot
Overlay Medium (SOM) (Clarke et al. 1992), solidiﬁed with 0.8% low
gelling-temperature agarose, and poured over a single 90 mm plate of
Shoot Induction Medium (SIM) (Clarke et al. 1992) solidiﬁed with
0.55% plant agar and lacking antibiotics. The plates were incubated
at 20 under a 16-hr day length. Once shoots started to form from
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the calli, they were transferred to 50% strength MS medium, pH 5.7,
supplemented with 1% sucrose and solidiﬁed with 0.55% plant agar,
such that each plate contained nine clones of the same genotype. A total
of four to nine plantlets survived per plate. Each plate was treated as a
block in the following experiment.
Seedling growth
Seedswere sown in LevingtonM3 compost within individual plug trays.
Families were randomizedwithin each tray, and trayswere repositioned
randomly every other day. Plants were watered from the base of the pot
as required with reverse-osmosis (RO) puriﬁed water. No additional
nutrients were added to the soil or water. Plants were established to
the six- to eight-leaf stage in controlled-environment growth cabi-
nets (Conviron Controlled Environments Limited, Canada) set to a
12/12 hr day/night cycle, 20/15 d/night, 70% humidity; atmospheric
CO2 concentration was 400 ppm, and photosynthetically active radi-
ation 250 mmol m22 s21. Chlorophyll ﬂuorescence measurements
were taken just prior to, and after, a 24-hr cold treatment in which
plants were exposed to the same conditions as above, apart from the
temperature being decreased to 3. Four to eight seedlings from
the same family that were tested together were treated as a block in
the subsequent experiment.
Chlorophyll ﬂuorescence
Precold and postcold treatment measurements of chlorophyll ﬂuores-
cence were obtained using a chlorophyll ﬂuorescence imager using
Fluorimager software (Technologica Ltd., Colchester, UK). Each block
of plants was dark-adapted for at least 15 min before the maximum
efﬁciency of photosystem II (Fv/Fm) was measured to a blue light pulse
at 3000 mmol m22 s21 for 200 msec. Following this pulse, the plants
were exposed to an actinic light of 150 mmol m22 s21 for 6 min,
followed by pulses of 3000 mmol m22 s21 for 200 msec to obtain
measures of maximum efﬁciency of photosystem II (Fv9/Fm9) of light-
adapted plant material and the operating efﬁciency of photosystem
II (FPSII) in light-adapted plant material. Mean values of Fv/Fm,
Fv9/Fm9, and FPSII for each plant were taken from the image of each
whole plant.
Statistical analyses
To examine the relative importance of among-family and among-
genotype variation in cold response, we used nested ANOVA to partition
the total variance in the difference in each chlorophyll ﬂuorescence
measurement (Fv/Fm, Fv9/Fm9, or FPSII) induced by cold shock:
P  Family=Genotype=Block
for tissue culture material, or
P  Family=Block
for seedlings, where P is the difference in each type of chlorophyll
ﬂuorescence for a plant individual between two measurements (i.e.,
value after cold shock minus that before cold shock), the “/” symbol
implies nesting and terms were ﬁtted as ﬁxed effects. Variance in P
was partitioned such that:
Total  variance ¼ VðFamilyÞ þ VðGenotypeÞ þ VðBlockÞ
for tissue culture material, or
Total  variance ¼ VðFamilyÞ þ VðBlockÞ
for seedlings.
To evaluate variation in each natural and tissue-cultured condition,
we did this analysis separately for the tissue-cultured plants and
seedlings. We conducted these variance component analyses using
the varcomp function in the ape library, and the lme function in R
2.8.0 (R Development Core Team 2008).
We testedwhether variance in the change ofFv/Fm,Fv9/Fm9, orFPSII
due to cold shock among tissue-culture derived plantlets within each
genotype was different from that in seedlings of half-siblings of the
same family using Bartlett tests. Because the number of blocks differed
between seedlings and tissue-cultured plantlets (Table 1), we checked
ﬁrst whether the difference in the number of blocks affected the vari-
ance, by resampling all possible combinations of four blocks from the
10 blocks of half-siblings in Ardal and Notsand. Reducing block num-
ber changed the original variance for 10 blocks only, 6 3% without
systematic bias.
Finally, we evaluated the effect of several factors on each type of
chlorophyll ﬂuorescence measurement before and after cold treatment.
We constructed the following linearmixed-effect model, in which plant
individual was treated as a random effect:
CF ¼ IjB=PþCþTþFþC ·TþT · FþC · FþC ·T · F
where CFwas a single measurement of either Fv/Fm, Fv9/Fm9, orFPSII,
and I|B/P was the intercept with random effects of block, and indi-
vidual plant nested in each block, C was a categorical variable of cold
shock (cold-shocked or not), T was a categorical variable of tissue
culture (tissue-cultured or not), and F was a categorical variable of
family (three families), followed by the interaction terms among those
variables. The effect of each term was estimated by the lme function
using the statistical software R 2.8.0 (R Development Core Team
2008). Akaike’s Information Criterion (AIC) was compared between
the full model and a model lacking each term in a stepwise manner,
and the best model with the lowest AIC was selected, followed by
testing the signiﬁcance of each selected parameter using theWald test.
Data availability
The authors state that all data necessary for conﬁrming the conclusions
presented in the article are represented fully within the article. All
n Table 1 Numbers of plants and blocks in each family (Ardal,
Notsand, and Sandfell)
Genotype 1 Genotype 2 Genotype 3
Half
Sibs
Ardal
Number of plants 33 36 – 40
Number of blocks 4 4 – 10
Plants/block
(min – max)
6–9 9–9 – 4–4
Notsand
Number of plants 13 31 – 40
Number of blocks 2 4 – 10
Plants/block
(min – max)
5–8 4–9 – 4–4
Sandfell
Number of plants 45 28 23 28
Number of blocks 5 4 3 4
Plants/block
(min – max)
9–9 5–9 5–9 5–8
Plants were either seedlings in a half-sibling family, or tissue-cultured clonal plantlets
from genotypes derived from a seed from each family. Block refers to the groups of
plantlets from each genotype, or groups of seedlings from the same family for half-
sibling families, that were treated and measured at the same time.
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phenotypic data are available inDryadDigital Repository: http://dx.doi.
org/10.5061/dryad.9gs8k.
RESULTS AND DISCUSSION
Variance components in cold-response of Fv/Fm, Fv9/
Fm9, and FPSII
In the seedlings, the changes in Fv/Fm, Fv9/Fm9, orFPSII following cold
treatment varied signiﬁcantly among families, explaining 4.9–9.1% of
the total variance (Table 2). For the tissue-cultured plantlets, the change
in those indices following cold treatment did not vary signiﬁcantly
among families, but did vary signiﬁcantly among genotypes within
family, this component explaining 8.5–31.5% of the total variance.
The within-block (error) variance component for tissue-cultured plant-
lets was 61.7–81.8%, and tended to be smaller than this component for
seedlings (89.1–92.2%).
Evaluation of somaclonal variation in comparison to
within-family variation
Variances in the change of Fv/Fm, Fv9/Fm9, or FPSII among clones
within genotype were clearly smaller than those among half-siblings
of the same family in the Sandfell family. Most genotypes had signif-
icantly smaller variances in Fv/Fm, Fv9/Fm9, and FPSII than half-sibs as
shown by the Bartlett test (Figure 1). Similar patterns were observed in
Notsand and Ardal. No studied genotype had larger variance among
clones than the variance among half-siblings in any family.
Effects of cold shock, tissue culturing, and family on
Fv/Fm, Fv9/Fm9, and FPSII
All single effects of cold shock, tissue culture and family and all possible
interaction combinations among them affected Fv/Fm and Fv9/Fm9, and
all such effects except the three-way interaction between cold shock,
tissue culture and family affected FPSII, according to the best model
(Table 3) based on Akaike’s Information Criterion (AIC). Cold shock
and family were the strongest single effects. The interaction between
these two factors was also found to change all three measurements of
chlorophyll ﬂuorescence, indicating that the effect of cold shock
depended on family. The effect of tissue culture was relatively small
and not signiﬁcant for any of the chlorophyll ﬂuorescence measures.
We found substantial interactions between tissue culture and family,
and interactions among cold shock, tissue culture, and family, indicat-
ing that the effect of tissue culture varied among families.
Among-genotype variance
We were able to test for among-genotype variance using replicates
generated by tissue culture within genotypes, and we detected such
variance in Fv/Fm, Fv9/Fm9, and FPSII measurements (Table 2). On the
other hand, we showed signiﬁcant but low somaclonal variation. The
within-block (error) variance component for tissue-cultured plantlets
was relatively small compared to that for nontissue-cultured seedlings
(Table 2). The Bartlett tests showed that somaclonal variation was
smaller than, or at least remained within the range of, the within-family
variance, which is the smallest naturally observed component of vari-
ation in the hierarchy of genetic structure (Figure 1). In A. thaliana,
studies of natural variation have focused mainly on between-population
variation (e.g., Shindo et al. 2007). In contrast, A. lyrata has substan-
tial within-population variation, for example, in the composition of
glucosinolates (Clauss et al. 2006) or self-incompatibility genes
(Schierup et al. 2008). In this paper, we showed that there is within-
family as well as among-family, and thus among-population, genetic
variation in A. lyrata ssp. petraea. Within-family genetic variance was
relatively large in Sandfell (Iceland). The observed within-family genet-
ic variances in putatively adaptive traits highlight the wide potential for
evolutionary adaptation of the species, and further validate the useful-
ness of relatives of model organisms in evolutionary biology (Mitchell-
Olds 2001; Clauss and Koch 2006).
Among-family variance
Therewassigniﬁcantormarginally signiﬁcantamong-familyvariance in
the change of Fv/Fm, Fv9/Fm9, andFPSII values following cold treatment
for seedlings (Table 2). We used different growth chambers for plant
growth and for cold shock, and therefore light condition for cold shock
inevitably differed from that for growth. Light and temperature are
difﬁcult to disassociate in such a study system, and both the single effect
of cold treatment, and the light–temperature interaction, can be in-
volved in the effect of cold shock. In A. thaliana, the change in
n Table 2 Analysis of variance for change in Fv/Fm, Fv9/Fm9 andFPSII by cold treatment for nontissue-cultured seedlings and tissue-cultured
plantlets
Seedlings Tissue Cultures
Df Sum Sq Mean Sq F P
Variance
Component (%) Df Sum Sq Mean Sq F P
Variance
Component (%)
Fv/Fm
Family 2 0.027 0.013 2.84 0.081 4.9 2 0.002 0.001 0.06 0.946 0.0
Genotype 4 0.080 0.020 11.52 0.000 31.5
Block 21 0.098 0.005 1.11 0.351 6.1 19 0.033 0.002 1.91 0.016 6.8
Error 84 0.353 0.004 89.1 183 0.167 0.001 61.7
Fv9/Fm9
Family 2 0.081 0.041 10.01 0.001 7.8 0.005 0.002 0.24 0.798 0.0
Genotype 4 0.041 0.010 3.27 0.034 10.9
Block 21 0.085 0.004 0.33 0.997 0.0 19 0.059 0.003 2.54 0.001 14.1
Error 84 1.048 0.012 92.2 183 0.225 0.001 74.9
ФPSII
Family 2 0.026 0.013 8.44 0.002 9.1 2 0.044 0.022 2.81 0.173 7.7
Genotype 4 0.031 0.008 3.37 0.030 8.5
Block 21 0.032 0.002 0.45 0.978 0.0 19 0.044 0.002 1.23 0.241 2.0
Error 84 0.282 0.003 90.9 183 0.349 0.002 81.8
Family and Block refer to variation among families and among blocks within families, respectively. Each Block was a group of seedlings from the same family for
Seedling or group of plantlets from the same genotype for Tissue cultures. Error refers to variation among plants within blocks.
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chlorophyll ﬂuorescence from before to after cold shock correlates
with tolerance to subzero temperatures measured by electrolyte leak-
age, and, therefore, this is regarded as an indicator of cold tolerance or
response (Ehlert and Hincha 2008; Mishra et al. 2014). Therefore, our
result also represents evidence for among-family (thus possibly among-
population) variance in cold response.
Effects of tissue culturing
Wedetected genotype-speciﬁc effects of tissue culture onFv/Fm,Fv9/Fm9,
and FPSII (Table 3, and Supplemental Material, Table S1). This is
consistent with a previous report of a genotype-speciﬁc effects on callus
characteristics (Glock and Gregorius 1986; Glock 1989). The three
measured parameters of chlorophyll ﬂuorescence all decreased after
the cold shock (the effects of cold shock in Table 3 are all negative
for Fv/Fm, Fv9/Fm9, andFPSII), indicating a decrease in photosystem II
activity, as reported in previous studies (Finazzi et al. 2006). A positive
effect of interaction between tissue culture and cold shock for FPSII
suggests that tissue-cultured plants were less affected by cold shock
than seedlings, and an interaction between tissue culture, cold shock,
and family suggests that the extent to which tissue-cultured plants were
less affected by cold shock differed among families. Any differences
among families in traits related to responses to the tissue-culture envi-
ronment, including root-cutting, callus formation, and growth on me-
dium, might explain these observed interactions between tissue culture
and family. This ﬁnding is consistent with the report that somaclonal
variation is genotype-dependent, and inﬂuenced by both the explant
source and the tissue-culture protocol (George and Sherrington 1984),
and with a recent study showing that the effect of tissue culture on
somatic mutations depended on genotype (Zhang et al. 2010). The
effects of tissue culture–genotype interaction, however, were compara-
ble to, or much smaller than, the single effect of family (Table 3), in-
dicating that such interactions would not mask the single effect of
genotype. The interaction effect between tissue culture and family
wasmuch smaller inFPSII than in Fv/Fm or Fv9/Fm9 [the ranges between
maximum and minimum estimates were 0.043 2 (20.005) = 0.048,
0.082 2 0 = 0.082 and 0.1812 0 = 0.181, respectively; Table 3].
An interaction between cold shock, tissue culture, and family was
detected only in Fv/Fm and Fv9/Fm9. Also, the relative impact of
n Table 3 The best linear mixed models for Fv/Fm, Fv9/Fm9 and
FPSII, based on AIC
Estimates SE DF t P
Fv/Fm
Intercept 0.787 0.011 311 71.3 ,0.001
Cold shock 20.122 0.008 311 215.9 ,0.001
Tissue culture 20.017 0.015 302 21.1 0.252
Fam A 20.026 0.015 302 21.7 0.093
Fam S 20.091 0.017 302 25.4 ,0.001
Cold shock · Tissue
culture
20.007 0.011 311 20.7 0.506
Cold shock · Fam A 20.035 0.011 311 23.2 0.002
Cold shock · Fam S 20.007 0.012 311 20.5 0.584
Tissue culture · Fam A 0.029 0.020 302 1.5 0.147
Tissue culture · Fam S 0.082 0.021 302 3.9 ,0.001
Cold shock · Tissue
culture · Fam A
0.043 0.014 311 3.0 0.003
Cold shock · Tissue
culture · Fam S
0.015 0.015 311 1.0 0.327
Fv9/Fm9
Intercept 0.695 0.014 311 50.9 ,0.001
Cold shock 20.131 0.011 311 212.1 ,0.001
Tissue culture 20.019 0.019 302 21.0 0.304
Fam A 20.050 0.019 302 22.6 0.009
Fam S 20.167 0.021 302 27.9 ,0.001
Cold shock · Tissue
culture
0.011 0.015 311 0.8 0.446
Cold shock · Fam A 0.015 0.015 311 0.9 0.345
Cold shock · Fam S 0.068 0.017 311 4.0 ,0.001
Tissue culture · Fam A 0.070 0.025 302 2.8 0.006
Tissue culture · Fam S 0.181 0.026 302 6.9 ,0.001
Cold shock · Tissue
culture · Fam A
20.013 0.020 311 20.7 0.514
Cold shock · Tissue
culture · Fam S
20.077 0.021 311 23.7 ,0.001
ФPSII
Intercept 0.403 0.012 313 34.2 ,0.001
Cold shock 20.047 0.006 313 27.7 ,0.001
Tissue culture 20.027 0.016 302 21.7 0.090
Fam A 20.029 0.016 302 21.8 0.081
Fam S 20.086 0.018 302 24.7 ,0.001
Cold shock · Tissue
culture
0.034 0.006 313 5.8 ,0.001
Cold shock · Fam A 20.004 0.007 313 20.5 0.610
Cold shock · Fam S 0.028 0.007 313 3.9 ,0.001
Tissue culture · Fam A 20.005 0.021 302 20.2 0.822
Tissue culture · Fam S 0.043 0.022 302 2.0 0.051
Fam A and Fam S refer to families Ardal and Sandfell, respectively. Intercepts
represent the combination of background conditions, i.e., not cold shocked, not
tissue cultured, and family Notsand. All effects are for family Notsand unless
another family name was shown. Effects for the other families are shown as
differences from the background effect of family Notsand.
Figure 1 Change in chlorophyll ﬂuorescence (Fv/Fm, Fv9/Fm9, and
FPSII) in seedlings or plantlets originating from Norway (Ardel), Swe-
den (Notsand), and Iceland (Sandfell) after cold-treatment (values
after shock – those before shock).  = P , 0.05,  = P , 0.01,
and  = P , 0.001 (Bartlett test) indicate a signiﬁcantly lower vari-
ance of the genotype than among half-siblings in the same family.
Three Fv/Fm values (0.340, 0.375, and 0.592), and an Fv9/Fm9 value
(0.354) in Sandfell half-siblings were out of the vertical ranges shown,
but were included in the statistical tests.
Volume 6 December 2016 | Tissue Culture and Variation | 3821
among-genotype variance was smaller for FPSII (8.5% of the total var-
iance, Table 2) than for Fv/Fm (31.5%) or Fv9/Fm9 (10.9%). These results
imply that, although the maximum efﬁciencies of photosynthesis for
dark- (Fv/Fm) and light-adapted leaves (Fv9/Fm9) were affected by tissue
culturing in genotype-speciﬁc ways, the actual electron transport op-
erating efﬁciency (FPSII) was less affected by tissue culture.
Conclusion
Overall, we successfully detected among-genotype variance, with low
somaclonal variation, indicating that the advantage of tissue culturing in
generating genetically isogenic replicates exceeded its disadvantage in
amplifying somaclonal variation in our study system. We detected
interaction effects of tissue culturewith genotype for aputatively adaptive
trait, cold response; however, such variation would not mask the single
effect of genotype. Therefore, although one should consider effects of
tissue culturing carefully when interpreting any results relying on the
technique, tissue culturing is a useful method for obtaining genetically
homogenous replicates in this, andprobablyother, nonmodelorganisms.
It can provide critical additional power when studying phenotypes such
as cold response related to adaptation in natural environments, the
variation in the phenotypes among families or populations, the reaction
norms of a genotype, or the QTL accounting for phenotypes.
ACKNOWLEDGMENTS
We are grateful to Prof. M. Burrell for advice, Dr. P. Vergeer for
providing seeds, and Dr. C. Lilley and Ms. J. Hibbard for providing
tissue culture protocols. This research was funded by the Natural
Environment Research Council Post-Genomics and Proteomics pro-
gram (NE/C507837/1) in the UK; the Special Coordination Funds for
Promoting Science and Technology from the Ministry of Education,
Culture, Sports, Science and Technology of the Japanese Government
(MEXT); and a research exchange program between Japan and the UK
by the Japan Society for the Promotion of Science (10037611-000065).
LITERATURE CITED
Alonso-Blanco, C., C. Gomez-Mena, F. Llorente, M. Koornneef, J. Salinas
et al., 2005 Genetic and molecular analyses of natural variation indicate
CBF2 as a candidate gene for underlying a freezing tolerance quantitative
trait locus in Arabidopsis. Plant Physiol. 139: 1304–1312.
Baldi, P., L. Pedron, A. M. Hietala, and N. La Porta, 2011 Cold tolerance in
cypress (Cupressus sempervirens L.): a physiological and molecular study.
Tree Genet. Genomes 7(1): 79–90.
Bloomer, R. H., A. M. Lloyd, and V. V. Symonds, 2014 The genetic ar-
chitecture of constitutive and induced trichome density in two new re-
combinant inbred line populations of Arabidopsis thaliana: phenotypic
plasticity, epistasis, and bidirectional leaf damage response. BMC Plant
Biol. 14: 119.
Bresson, J., F. Vasseur, M. Dauzat, G. Koch, C. Granier et al., 2015 Quantifying
spatial heterogeneity of chlorophyll ﬂuorescence during plant growth and in
response to water stress. Plant Methods 11: 23.
Charlesworth, D., B. K. Mable, M. H. Schierup, C. Bartolome, and P. Awadalla,
2003 Diversity and linkage of genes in the self-incompatibility gene family
in Arabidopsis lyrata. Genetics 164(4): 1519–1535.
Clarke, M. C., W. Wei, and K. Lindsey, 1992 High-frequency transforma-
tion of Arabidopsis thaliana by Agrobacterium tumefaciens. Plant Mol.
Biol. Rep. 10(2): 178–189.
Clauss, M. J., and M. A. Koch, 2006 Poorly known relatives of Arabidopsis
thaliana. Trends Plant Sci. 11(9): 449–459.
Clauss, M. J., and T. Mitchell-Olds, 2006 Population genetic structure of
Arabidopsis lyrata in Europe. Mol. Ecol. 15(10): 2753–2766.
Clauss, M. J., S. Dietel, G. Schubert, and T. Mitchell-Olds, 2006 Glucosinolate
and trichome defenses in a natural Arabidopsis lyrata population.
J. Chem. Ecol. 32(11): 2351–2373.
D’Amato, F., and M. W. Bayliss, 1985 Cytogenetics of plant cell and tissue
cultures and their regenerates. Crit. Rev. Plant Sci. 3(1): 73–112.
Davey, M. P., M. M. Burrell, F. I. Woodward, and W. P. Quick,
2008 Population-speciﬁc metabolic phenotypes of Arabidopsis lyrata
ssp petraea. New Phytol. 177(2): 380–388.
Davey, M. P., F. I. Woodward, and W. P. Quick, 2009 Intraspeciﬁc varia-
tion in cold-temperature metabolic phenotypes of Arabidopsis lyrata ssp.
petraea. Metabolomics 5(1): 138–149.
Dorn, L. A., E. H. Pyle, and J. Schmitt, 2000 Plasticity to light cues and
resources in Arabidopsis thaliana: testing for adaptive value and costs.
Evolution 54(6): 1982–1994.
Ehlert, B., and D. K. Hincha, 2008 Chlorophyll ﬂuorescence imaging ac-
curately quantiﬁes freezing damage and cold acclimation responses in
Arabidopsis leaves. Plant Methods 4: 12.
El-Soda, M., M. Malosetti, B. J. Zwaan, M. Koornneef, and M. G. M. Aarts,
2014 Genotype x environment interaction QTL mapping in plants:
lessons from Arabidopsis. Trends Plant Sci. 19(6): 390–398.
Finazzi, G., G. N. Johnson, L. Dall’Osto, F. Zito, G. Bonente et al.,
2006 Nonphotochemical quenching of chlorophyll ﬂuorescence in
Chlamydomonas reinhardtii. Biochemistry 45(5): 1490–1498.
George, E. F., and P. D. Sherrington, 1984 Plant Propagation by Tissue
Culture. Exegetics Ltd., Basingstoke.
Glock, H., 1989 Environmental effects on growth of tissue cultures of a
woody Solanum species (Solanum laciniatum). Plant Sci. 62(1): 137–143.
Glock, H., and H. R. Gregorius, 1986 Genotype–environment interaction in
tissue cultures of birch. Theor. Appl. Genet. 72(4): 477–482.
Gutteling, E. W., J. A. G. Riksen, J. Bakker, and J. E. Kammenga, 2007 Map-
ping phenotypic plasticity and genotype-environment interactions
affecting life-history traits in Caenorhabditis elegans. Heredity 98(1):
28–37.
Heidel, A. J., M. J. Clauss, J. Kroymann, O. Savolainen, and T. Mitchell-Olds,
2006 Natural variation in MAM within and between populations of
Arabidopsis lyrata determines glucosinolate phenotype. Genetics 173(3):
1629–1636.
Heo, J.-Y., D. Feng, X. Niu, T. Mitchell-Olds, P. H. van Tienderen et al.,
2014 Identiﬁcation of quantitative trait loci and a candidate locus for
freezing tolerance in controlled and outdoor environments in the over-
wintering crucifer Boechera stricta. Plant Cell Environ. 37(11): 2459–
2469.
Hong, S.-W., and E. Vierling, 2000 Mutants of Arabidopsis thaliana de-
fective in the acquisition of tolerance to high temperature stress. Proc.
Natl. Acad. Sci. USA 97(8): 4392–4397.
Jansen, M., F. Gilmer, B. Biskup, K. A. Nagel, U. Rascher et al., 2009 Si-
multaneous phenotyping of leaf growth and chlorophyll ﬂuorescence
via GROWSCREEN FLUORO allows detection of stress tolerance in
Arabidopsis thaliana and other rosette plants. Funct. Plant Biol. 36
(10–11): 902–914.
Joyce, S. M., A. C. Cassells, and S. M. Jain, 2003 Stress and aberrant phe-
notypes in in vitro culture. Plant Cell Tissue Organ Cult. 74(2): 103–121.
Khanal, N., B. A. Moffatt, and G. R. Gray, 2015 Acquisition of freezing
tolerance in Arabidopsis and two contrasting ecotypes of the extremo-
phile Eutrema salsugineum (Thellungiella salsuginea). J. Plant Physiol.
180: 35–44.
Kuittinen, H., A. Niittyvuopio, P. Rinne, and O. Savolainen, 2008 Natural
variation in Arabidopsis lyrata vernalization requirement conferred by a
FRIGIDA indel polymorphism. Mol. Biol. Evol. 25(2): 319–329.
Kunin, W. E., P. Vergeer, T. Kenta, M. P. Davey, T. Burke et al., 2009 Variation
at range margins across multiple spatial scales: environmental temperature,
population genetics and metabolomic phenotype. Proc. R. Soc. B-Biol. Sci.
276(1661): 1495–1506.
Kwon, Y., S. H. Kim, M. S. Jung, M. S. Kim, J. E. Oh et al., 2007 Arabidopsis
hot2 encodes an endochitinase-like protein that is essential for tolerance
to heat, salt and drought stresses. Plant J. 49(2): 184–193.
Larkin, P. J., and W. R. Scowcroft, 1981 Somaclonal variation—a novel
source of variability from cell cultures for plant improvement. Theor.
Appl. Genet. 60(4): 197–214.
3822 | T. Kenta et al.
Lexer, C., M. E. Welch, J. L. Durphy, and L. H. Rieseberg, 2003 Natural
selection for salt tolerance quantitative trait loci (QTLs) in wild sunﬂower
hybrids: implications for the origin of Helianthus paradoxus, a diploid
hybrid species. Mol. Ecol. 12(5): 1225–1235.
Maxwell, K., and G. N. Johnson, 2000 Chlorophyll ﬂuorescence—a prac-
tical guide. J. Exp. Bot. 51: 659–668.
McAusland, L., P. A. Davey, N. Kanwal, N. R. Baker, and T. Lawson, 2013 A
novel system for spatial and temporal imaging of intrinsic plant water use
efﬁciency. J. Exp. Bot. 64(16): 4993–5007.
Medeiros, J. S., D. L. Marshall, H. Maherali, andW. T. Pockman, 2012 Variation
in seedling freezing response is associated with climate in Larrea.
Oecologia 169(1): 73–84.
Mishra, A., A. G. Heyer, and K. B. Mishra, 2014 Chlorophyll ﬂuorescence
emission can screen cold tolerance of cold acclimated Arabidopsis thali-
ana accessions. Plant Methods 10: 38.
Mitchell-Olds, T., 2001 Arabidopsis thaliana and its wild relatives: a model
system for ecology and evolution. Trends Ecol. Evol. 16(12): 693–700.
Murchie, E. H., and T. Lawson, 2013 Chlorophyll ﬂuorescence analysis: a
guide to good practice and understanding some new applications. J. Exp.
Bot. 64(13): 3983–3998.
Quesada, V., S. Garcia-Martinez, P. Piqueras, M. R. Ponce, and J. L. Micol,
2002 Genetic architecture of NaCl tolerance in Arabidopsis. Plant
Physiol. 130(2): 951–963.
Quick, W. P., and M. Stitt, 1989 An examination of factors contributing to
non-photochemical quenching of chlorophyll ﬂuorescence in barley
leaves. Biochim. Biophys. Acta 977(3): 287–296.
R Development Core Team, 2008 R: A Language and Environment for
Statistical Computing. Vienna, Austria. Available at: http://www.r-project.org.
Accessed: October 22nd, 2016.
Sasaki, E., P. Zhang, S. Atwell, D. Meng, and M. Nordborg, 2015 “Missing”
G x E variation controls ﬂowering time in Arabidopsis thaliana. PLoS
Genet. 11(10): e1005597.
Schierup, M. H., J. S. Bechsgaard, and F. B. Christiansen, 2008 Selection at
work in self-incompatible Arabidopsis lyrata. II. Spatial distribution of S
haplotypes in Iceland. Genetics 180(2): 1051–1059.
Shindo, C., G. Bernasconi, and C. S. Hardtke, 2007 Natural genetic varia-
tion in Arabidopsis: tools, traits and prospects for evolutionary ecology.
Ann. Bot. (Lond.) 99: 1043–1054.
Steponkus, P. L., M. Uemura, R. A. Joseph, S. J. Gilmour, and M. F.
Thomashow, 1998 Mode of action of the COR15a gene on the freezing
tolerance of Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 95(24):
14570–14575.
Stratton, D. A., 1998 Reaction norm functions and QTL-environment in-
teractions for ﬂowering time in Arabidopsis thaliana. Heredity 81: 144–
155.
Sultan, S. E., 1987 Evolutionary implications of phenotypic plasticity in
plants. Evol. Biol. 21: 127–176.
Sultan, S., and F. Bazzaz, 1993 Phenotypic plasticity in Polygonum persi-
caria. I. Diversity and uniformity in genotypic norms of reaction to light.
Evolution 47: 1009–1031.
Waitt, D., and D. Levin, 1993 Phenotypic integration and plastic correla-
tions in Phlox drummondii (Polemoniaceae). Am. J. Bot. 80: 1224–1233.
Woo, N. S., M. R. Badger, and B. J. Pogson, 2008 A rapid, non-invasive
procedure for quantitative assessment of drought survival using chloro-
phyll ﬂuorescence. Plant Methods 4: 27.
Wright, S., 1931 Evolution in Mendelian populations. Genetics 16: 97–159.
Wu, R. L., 1998 The detection of plasticity genes in heterogeneous envi-
ronments. Evolution 52(4): 967–977.
Xie, H. J., H. Li, D. Liu, W. M. Dai, J. Y. He et al., 2015 ICE1 demethylation
drives the range expansion of a plant invader through cold tolerance
divergence. Mol. Ecol. 24(4): 835–850.
Yap, J. S., Y. Li, K. Das, J. Li, and R. Wu, 2011 Functional mapping of
reaction norms to multiple environmental signals through nonparametric
covariance estimation. BMC Plant Biol. 11: 23.
Yuan, F., M. Chen, B. Y. Leng, and B. S. Wang, 2013 An efﬁcient auto-
ﬂuorescence method for screening Limonium bicolor mutants for ab-
normal salt gland density and salt secretion. S. Afr. J. Bot. 88: 110–117.
Zhang, J. Z., R. A. Creelman, and J. K. Zhu, 2004 From laboratory to ﬁeld.
Using information from Arabidopsis to engineer salt, cold, and drought
tolerance in crops. Plant Physiol. 135(2): 615–621.
Zhang, M. S., H. Wang, Z. Y. Dong, B. Qi, K. Z. Xu et al., 2010 Tissue
culture-induced variation at simple sequence repeats in sorghum
(Sorghum bicolor L.) is genotype-dependent and associated with down-
regulated expression of a mismatch repair gene, MLH3. Plant Cell Rep. 29
(1): 51–59.
Zhen, Y., and M. C. Ungerer, 2008 Clinal variation in freezing tolerance
among natural accessions of Arabidopsis thaliana. New Phytol. 177(2):
419–427.
Communicating editor: M. Estelle
Volume 6 December 2016 | Tissue Culture and Variation | 3823
